This paper reports the structural and optical investigations of the structural colour of the weevil Lamprocyphus augustus. The photonic crystal structure within the weevil's scales was investigated using sequential focused ion-beam milling and scanning electron microscopy imaging. We carefully analysed the reconstructed three-dimensional structure to determine the unit cell of the photonic crystal. It was found that the cuticle network of the cubic unit cell perfectly matches the previously reported diamond-based network. However, different results were obtained for the crystal orientations of the small crystal domains that comprise the entire photonic crystal structure in the scales: ,111. directions are highly preferred along the surface normal of the scale. This finding explains the fact that the scale is almost uniformly coloured despite the multi-domain structure. It is confirmed experimentally and theoretically that the wavelength range of the reflection band corresponds to the gap of the photonic band.
Introduction
Brilliantly coloured butterflies and weevils are probably the most famous examples of insects that use the photonic crystal structure for coloration [1, 2] . The scales on the butterfly's wing and the weevil's elytron have a three-dimensional (3D) network of cuticles that are periodic, with the size comparable with the wavelength of light. These insects are interesting not only because they are natural examples of photonic crystals, which have attracted a considerable amount of attention for decades [3] , but also because the understanding of the formation process may reveal a novel self-organizing method for photonic crystal production.
The determination of the type of structure to investigate the optical properties of photonic crystals is a fundamental step. Recent studies on the wing scales of several butterfly species have revealed that the cuticle network takes the form of a single gyroid structure [4] [5] [6] . On the other hand, various structural types have been reported for weevil scales, and they are summarized well in the supporting information of a previous study [7] . One common way to determine the photonic structure is the pattern matching method, in which the cross-sectional images obtained by transmission electron microscopy are compared with those of theoretical models [4, 8] . Small-angle X-ray scatting (SAXS) is another method that has been used to distinguish photonic crystal structures with different Bravais lattices [5, 9] .
On the other hand, several techniques allow us to observe 3D cuticle networks directly. One is sequential focused ion-beam (FIB) milling and scanning electron microscopy (SEM) imaging, where the 3D structure can be reconstructed from the sequential cross-sectional images [10] . Electron tomography and high-resolution & 2018 The Author(s) Published by the Royal Society. All rights reserved.
X-ray tomography are the other methods that have been applied to the study of photonic crystals in insects [6, [11] [12] [13] [14] . These methods provide us with detailed structural information on the cuticle network. However, owing to its complexities, it is not an easy task either to analyse it three dimensionally or to present clear evidence supporting a particular theoretical model. Thus, the analysis often comes back to the twodimensional (2D) comparison, where the patterns of arbitrary cuts of the reconstructed volume are compared with those of theoretical models [10, 11] . Although the 2D agreements show consistencies with a theoretical model, it is difficult to judge how exclusively the model is suggested. Thus, it is desirable to compare the 3D network topology directly, as reported for the wing scale of a butterfly [6] .
The photonic crystal consists of a 3D repetition of the unit cell. Thus, the comparison of the unit cell between the experiment and theory can be a direct way for structural characterization. In this paper, we report such an analysis of the scales of the weevil Lamprocyphus augustus (figure 1a). We are interested in this species because of the following two reasons. Firstly, this weevil is the first insect that has been reported to possess the diamond-based cuticle network structure, which is known to be the champion among photonic crystals that can exhibit a wider photonic band gap [15] : Galusha et al. reported [10] that the cuticle network of L. augustus is very similar in configuration to a synthetic diamond-based structure [16] . They also compared the 2D morphologies on three orthogonal planes with the theoretical model. However, a recent SAXS study for this weevil species reported both gyroid and diamond structures [9] . Thus, it is meaningful to reinvestigate the photonic crystal structure.
Another reason why we are interested in L. augustus is related to the recent findings on the relative crystal orientations of the multi-domain photonic crystals (the degree of the crystallographic texture). In both the butterfly and the weevil, the photonic crystal in the scales is usually separated into many small crystal domains. Interestingly, it has been found in a few butterfly species that the crystal orientations are not perfectly random among the small crystal domains, but there is a preference that a specific crystal orientation is along the surface normal to the scale [13, [17] [18] [19] . In other words, the crystal orientations can be highly textured. The textured crystal orientation is important because it makes the scales look uniformly coloured despite the multi-domain structure. L. augustus is apparently a candidate of the weevil species that has such an orientation preference, because the scales are almost uniformly coloured when many crystal domains are observed in cross section [10] .
In this paper, we report the structural and optical investigations of the structural colour of the weevil L. augustus. The photonic crystal structure within the scale is investigated by using sequential FIB milling and SEM imaging. The cuticle network is reconstructed three dimensionally, and analysed to determine the cubic unit cell. The morphologies of the photonic crystal surfaces are also investigated to examine whether preferred crystal orientations exist. Optical properties of the scales are investigated experimentally and theoretically by measuring the reflectance spectrum with a microspectrophotometer and by calculating the photonic band structure.
Material and methods
Samples of the weevil L. augustus were provided by Prof. Helen T. Ghiradella at the University at Albany, State University of New York. The colour pattern of the scales was observed using an optical microscope (Keyence VHX-6000) under epi-illumination (figure 1b). Microspectrophotometry was used to determine the reflectance spectrum of a small region within a single scale. The experimental system consisted of an optical microscope (OLYMPUS BX51) and a fibre optic spectrometer (Ocean Optics USB2000) [20] . The objective lens was capable of 50Â magnification (OLYMPUS SLMPlan N, NA:0.35) and the fibre diameter was 200 mm, so that a 4 mm diameter region was examined. The reflectance was determined by dividing the observed spectrum by that of a diffuse reflection standard (Labsphere, Spectralon).
For electron microscopy, the scales from the elytra were transferred to a glass slide using a scalpel, and then a single scale was picked up with a thin pulled-glass pipette and attached to a metal sample stage, which was a 6 Â 6 Â 10 mm 3 cuboid-aluminium block, using a piece of carbon conductive double-faced adhesive tape. We paid attention to placing the scale near the edge of the top surface of the aluminium block to make the following milling procedure easier. We employed an FIB-SEM system (JEOL JIB-4500FE) for the structural investigations. The top cuticle layer covering the internal photonic crystal was first removed by FIB milling and the exposed photonic crystal surface was observed with SEM. Before the FIB milling process, the scale was coated with 2.5 nm thick Os using an Os coater (Meiwafosis Neoc-Pro) to increase conductivity. To mill off only the top cuticle layer, the sample stage was tilted so that the scale surface became parallel to the ion beam. The milling procedure was performed under a beam current of 0.3 nA and accelerating voltage of 15 kV. In some observations, the scale was first cross sectioned by using a razor blade, and then the top cuticle layer was FIB-milled in order to observe the structure from two orthogonal directions.
We employed another stable FIB-SEM system (Helios NanoLab TM 600i) to carry out the sequential FIB milling and SEM imaging (slice-and-view observation). The FIB milling process rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180360
was performed under a beam current of 33 pA and accelerating voltage of 30 kV. The slice thickness chosen was 17 nm, which was found to be much smaller than the lattice constant. After the first SEM image was obtained, the slice-and-view process was repeated 79 times, so that the total sliced thickness was 1.34 mm.
The 80 SEM images obtained were corrected for the view angle and the drift during the processes, and finally used for 3D rendering. Commercial software (Wolfram Research MATHEMATICA v. 11.1) was used for the rendering, analyses, and theoretical modelling and calculation. It has been reported for several weevil species that the photonic crystal within the scales can be modelled as the single-diamond network [7, 21] , which can be approximately expressed by using the following equation:
where
z and x, y, z are Cartesian coordinates. The parameter a is the lattice constant of the cubic unit cell, and t is called a level-set parameter that is related to the volume fraction of the cuticle. The above formula was used as a theoretical model for the photonic crystal.
The photonic band diagram of the diamond photonic crystal was calculated by using the plane-wave expansion method [22] . To calculate the angular frequency of the electromagnetic wave having a wavevector k, we expanded the electric and magnetic fields into the plane waves with wavevectors k þ G, where G denotes reciprocal vectors. We used 2085 reciprocal lattice points around the origin in the reciprocal space. We confirmed that this number was sufficient to obtain the converged results of the calculation.
Results
We first examined the colour variation in the scale by measuring the reflectance spectrum with a microspectrophotometer. Thirteen randomly chosen 4 mm diameter regions within a single scale were examined; the results for five of these regions are shown in figure 2. The spectra have a strong reflection band ranging approximately from 550 to 650 nm. The results for the other regions have similar spectral shapes. We calculated the peak wavelength l p as the average of the two wavelengths at the half maximum. The average of l p of the 13 spectra was found to be 604 + 11 nm, quantitatively indicating that the yellow-orange colour of the scale is almost uniform. However, the edge of the scale is observed to be green under the microscope, probably due to the tilt of the scale surface. We also examined the polarization effect by using polarizer and analyser and found that the reflection from the scale does not largely change with the polarization.
Next, we investigated the crystal orientation of the photonic crystal domains; the surface cuticle layer was removed by FIB milling and the exposed photonic crystal was directly observed with SEM. The photonic crystal surface appears to consist of a layer of cuticle networks with regularly arranged air holes, as shown in figure 3 . As a simple analysis, sets of three white lines are drawn along the cuticle network at several points. The angles between the lines are found to be approximately 608, suggesting that the (111) surface of the cubic lattice faces the scale surface. The differences in the orientations of the white lines at the different points indicate that the network structure is separated into many crystal domains with different orientations as the domain boundaries are drawn as dashed curves.
It should be emphasized that all the crystal domains have surface morphologies with a sixfold symmetry. This fact clearly suggests the strong preference of k111l orientations to be along the surface normal. The previously reported different textures observed in the cross section [10] can be attributed to the differences in the in-plane crystal orientations. To confirm this explanation, we observed the photonic crystals from two orthogonal directions, as schematically illustrated in figure 4a . Figure 4b shows a part of the scale that includes two crystal domains with a boundary running from the centre of the image bottom to the upper right (dashed line).
In the cross section, we can clearly see the different surface rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180360 morphologies corresponding to the two crystal domains, as shown in figure 4c. It is confirmed that similar surface morphologies can be reproduced by assuming the diamond photonic crystal structure, as shown in figure 4d ,e, where the normal vector of the cross section is assumed to be nearly perpendicular to the [111] direction. From the hexagonal arrangement of the air holes, the estimated lattice constant a was 401 nm; an image analysis was conducted to determine the distances between the centres of the neighbouring air holes shown in figure 3 , which are found to correspond to a= ffiffi ffi 2 p from a simple analysis using equation 2.1. The value of 401 nm is slightly smaller than the previously reported value of 450 nm [10] .
Next, we performed sequential FIB milling and SEM imaging and obtained 80 images at every 17 nm height. Figure 5a shows the SEM image observed at three different
. Careful inspection reveals that the positions of the air holes shift with the height. The regions of the holes are extracted by using an image binarization process, and they are superimposed as shown in figure 5b. It can be clearly seen that the air-hole positions change like the so-called ABC stack, implying that the photonic crystal forms a face-centred cubic lattice.
Finally, we reconstructed a 3D structure of the cuticle network, as shown in figure 6a-c. We define new spatial coordinates x 0 , y 0 , z 0 that are along the sides of the rendered volume, as shown in figure 6a. In the next section, we analysed three dimensionally the reconstructed structure and compared it with the single-network diamond photonic crystal.
Analysis
We have checked that the observed 2D cuticle patterns are consistent with the single-diamond network that is expressed by equation (2.1). To eliminate the ambiguity in the structural identification, we analysed three dimensionally the reconstructed structure to take out the single cubic unit cell and compare it with the theoretical model. For this purpose, we first need to express the k100l directions in terms of the 6f) . By rotating the rendered volume, we expected to find six such directions, and two of them are shown in figure 6b,c. As is expected from the above feature, three of the six directions are found to be at approximately 358 (33.68, 37.58, 34.28) from the z 0 axis, and the other three directions are found to be at approximately 908 (88.28, 89.68, 91.88) from the z 0 axis. Thus, we can safely assign these six directions to the k110l directions. As a different approach, we tried to find k100l directions directly by focusing our attention on the fourfold symmetry. However, we found it easier to focus on the aforementioned through-hole feature.
Now that k110l orientations have been expressed in terms of x 0 y 0 z 0 coordinates, the vectors along k100l can be unambiguously calculated. Then, we can take out a cubic volume from the reconstructed structure that has the dimension a 3 with its sides parallel to k100l directions. The only adjustable parameter is the position of the cubic volume. As the position was gradually shifted, we compared the cuticle network with the theory and found the best-matched unit cell, as shown in figure 7 (see also an electronic supplementary material, movie S1). It was found that the network topology perfectly matches that of the single-diamond structure; the cuticle is connected to adjacent cells at the eight corners and at the centres of the six surfaces, and there are four points that are fourfold coordinated. Once the position of a unit cell is determined, similar (exactly the same in principle) cuticle , and the crystal orientations of the three orthogonal sides are already known. Thus, we can unambiguously render the diamond photonic crystal structure with corresponding dimensions. We can Finally, the photonic band diagram is calculated for the single-diamond photonic crystal, as shown in figure 8 . For the calculation, the refractive index of the cuticle was determined to be 1.515 by the Becke line test, using a series of refractive index liquids (Cargille series A, cat.# 18095). In this measurement, we also found that the scale is almost transparent under the transmission illumination of white light, indicating that the extinction coefficient is approximately zero. The level set parameter t in equation (2.1) was determined to be 0.15 (volume fraction of cuticle 0.53) from the SEM image (figure 3): the areas of the air holes were determined by an image analysis that could be used to estimate the parameter t. By using these values, we calculated the wavelength of the band gap in the G-L direction, which was found to range from 557 to 629 nm; this is in good agreement with the reflection band observed with the microspectrophotometer, as shown in figure 2.
Discussion
It has been presumed that the natural photonic crystals can be modelled by using the constant mean curvature surfaces, which include the simple cubic, gyroid and diamond surfaces as the simple cases [4, 23] . The 3D comparison clearly shows that the observed network topology of L. augustus is the single-network diamond type (figure 7), agreeing with the previous study [10] . The single-diamond network structure has been reported for other weevil species Entimus imperialis [8] and Hypera diversipunctata [7] . On the other hand, a recent SAXS study reported for L. augustus that both the diamond and gyroid photonic crystals are found [9] . Although we have not noted very differently coloured scales or regions in a scale from microscopic observation, further structural study is necessary to examine how often such a scale appears and/or how much of the region of the scale has each type of network structure. It is desirable to distinguish the gyroid and diamond structures only from the observation of the surface morphology that can be examined by SEM. One possible way is to focus our attention on the differences in the morphology of the higher-symmetry directions. A sample could be tilted and/or rotated to find k111l orientations, which are easy to find due to its threefold symmetry. If the air holes appear to penetrate the structure from that direction, it implies that the network is the gyroid type, as illustrated in a figure in [13] . If not, the diamond type is implied. Then, the sample is tilted by 33.58 to examine if there are directions with the through-hole feature. If so, that is another indication of the diamond network, as shown in figure 6b,e.
It is concluded from the structural and optical investigations that k111l orientations are preferred to be along the surface normal of the scale of L. augustus. In other words, the scale of this weevil has a highly uniform crystallographic texture. Such a crystallographic texture has been reported probably for the first time in the weevil species. For a different weevil Eupholus magnificus, apparently random orientations have been reported [24] . On the other hand, almost uniformly coloured scales have been observed for Glenea celia and Pachyrhynchus moniliferus [25] . Thus, the degree of the crystallographic texture may vary, largely depending on the weevil species.
Recently, the development of the gyroid crystallites in the butterfly wing scale has been discussed in terms of the nucleation and growth processes by taking advantage of the domain size gradient within a scale [14] . If such processes are the case for this weevil scale, there must be some factors regulating the crystal orientation when the nuclei appear. The photonic crystals in the butterfly and weevil are different in the surrounding rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20180360 structure. The photonic crystal of the butterfly wing scale exists on the lower laminae and is covered by highly decorated upper structures such as ridges and cross ribs, while the photonic crystal of the weevil scale seems to be contained in a flattened sac of the cuticle layer. It is hypothesized for the butterfly wing scale that the nuclei appear on the upper structure because the crystals are attached to it [14] . If the nuclei are assumed to appear on both the lower and upper laminae in the weevil, it may explain an observation in a weevil E. magnificus that the adjacent crystal domains are occasionally vertically overlapped rather than horizontally attached [24] . However, such overlapped domains are not observed in L. augustus. This difference may be related to the fact that the scale of L. augustus is thinner than that of E. magnificus; the scale of the latter species is slightly bulged so that the photonic crystal layer becomes thick. Another structural factor that is very different among species is the size of the crystal domains; the crystal domains have been observed to be very large in the weevil Entimus imperialis such that there are only a few domains in one scale [21] . Thus, the photonic crystal structures in the weevil scale are different, depending on the species, at least, in the size of the crystal domain, configurations of the crystals (overlapping), and degree of the crystallographic texture. A comprehensive study on these morphological differences will give us information for understanding the development of the photonic crystal structure.
The filling ratio of the cuticle is related to the ratio of the band gap and mid-gap frequency. It has been reported for a butterfly species that the cuticle filling ratio is located nearly at the position that maximizes the ratio of the band gap and mid-gap frequency [26] . On the other hand, the filling ratio of 0.3 in a weevil E. imperialis has been found to be less than the optimal value 0.4 [21] . In this study, the filling ratio of 0.53 of L. augustus is found to be more than the optimal value. However, the ratio of the band gap and mid-gap frequency does not form a sharp peak against the cuticle fraction, but a rather broad one [21] . Thus, the amount of the cuticle fraction may not be under severe selection pressure during the evolution. However, it may be used to adjust the wavelength of the reflection (colour) without significantly affecting the magnitude of the reflection.
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